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ABSTRACT 
This paper deals with the prediction of the penetration phenomenon of a cylindro-conical impactor 
on the ke;labepoxy-laminated composites using C eight-nded serendipity q&drilateral finite element 
based on first-order shear deformation theory (FSDT). Local as well as global deformations during 
impact is considered in the evaluation of indentation, penetration, and perforation phases. Local strains 
during impact have been evaluated using the hypothesis made from the available experimental 
observations of bulging during penetration. A detailed parametric study, considering various projectiles 
and target plate variables, has been carried out to find their effect on the response of the plate, and 
ballistic parameters, such as ballistic limit and absorbed energy. 
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1. INTRODUCTION 
The advanced composite materials are being 
looked upon as the key materials for applications 
in armour technology during the recent past due 
to their high stiffness and strength-to-weight ratios. 
The design of composite armour is a very complex 
task as compared to conventional single-layer metallic 
armour, due to the exhibition of coupling among 
membrane, torsion, and bending strains; weak transverse 
shear strength, and discontinuity of the mechanical 
properties along the thickness of the composite 
laminates. This has drawn attention of several 
researchers to study the penetration phenomenon 
in composite armours. 
Various theories proposed for predicting the 
characteristics of penetration of composite laminates 
by different projectiles have been reviewed by Abrate', 
Cantwell and Mortonz. The work on penetration 
under low velocity impact is extensively dealt in 
the literature3-'. The impact resistance and subsequent 
load-bearing capacity of composites depends on 
many factors, such as fibre and matrix properties, 
lay-up, number of  layer^^,^, etc. 
The impact, resulting in complete penetration 
of laminates caused due to the high velocity, is 
called ballistic impact and is of  major concern 
to the armour designers. Further, the damage 
caused to the armour under high velocity impact 
is quite significant and has major effects on the 
dynamic properties of the laminates. Modelling 
of penetration and perforation in brittle materials 
like glass fibre reinforcing a thermoset matrix 
has been done by Cantwell and Morton8; Goldsmith9, 
e t  al .  and is primarily based on shear caused 
during penetration, which acts along the lateral 
surface of  the oroiectile. 
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Ductile composite materials, such as laminates 
reinforced by aramid or polyethelene fibres, have 
been studied by Nava~ro '~  and Zhul'.'*, et al. Analytical 
models based on dynamic behaviour of fibres have 
been proposedlO. ZhuI2, et al., based on the experimental 
observations", have proposed an analytical model 
to predict the perforation and the ballistic limit for 
kevlarlepoxy-laminated composites impacted by conical 
projectiles, considering local and global deformations. 
Some work on ceramic-faced hybrid composites 
have been carried out by Chocron and Sanchezt3, 
and Fellows and BartonI4 based on analytical solutions. 
Cantwell and Morton8 have predicted the ballistic 
limit for carbon fibre-reinforced plastics (CFRPs) 
by accounting the energy dissipation in delamination, 
deformation, and shear. These models can predict 
the energy absorption for thin laminates with reason- 
able success but underestimate the same for thick 
laminates, due to the absence of a well-defined 
conical damaged zone. 
Lee and Suni5 have used quasi-static finite 
element analysis to simulate the penetration process 
in graphite/epoxy-laminated composites, wherein 
the penetration criterion is based on static punch 
tests. Wen16, et al. have proposed an empirical formula 
for predicting the ballistic limit based on experimental 
observations, whereas Wen17has predicted penetration 
and perforation of the fibre-reinforced plastic (FRP) 
laminates based on mean pressure offered by the 
laminated targets to resist the penehator. The resistive 
pressure offered is divided into quasi-static resistive 
pressure applied perpendicular to the surface due 
to elastic-plastic deformation of the FRP and the 
dynamic resistive pressure arising from velocity 
effects. 
The models described above are primarily based 
on conservation of energy and no progressive damage 
propagation is considered except by Zhu12, et al. 
To study the influence of various parameters affecting 
the penetration process, the model should be able 
to describe the physical events, such as indentation, 
fibre breakage, delamination, bulging occurring during 
penetration. In view of this, a C" eight-noded 
quadrilateral serendipity plate finite element with 
five DOFs per node has been used to study the 
response of target plate due to impact of conical 
projectiles. Both local as well as global responses 
of laminates, depending on the impact velocity, 
affect the penetration process. The discrete equations 
of motion are integrated numerically, using Newmark's 
direct integration technique. 
The three phases of ballistic impact (indentation, 
perforation, and exit) observed during experimentation 
are incorporated in this model. These three phases 
have been modelled with distinct start and termination 
phenomenon. The termination of the indentation 
occurs when the first fibre breakage at the distal 
side takes place. The breakage of fibres has been 
modelled based on the critical fibre breakage strain 
of 4 per cent for kevlar fibres. The strain in fibres 
can be due to global as well as local deformation, 
which is either due to bulging or physical deformation 
of fibre around the indentor. The model is based 
on the assumptions, such as rigidity of projectile, 
spherical bulging on the distal side of the target. 
Local fibre deformation occurs around the bulge 
or the indentor cone. The friction effect gradually 
dominates as the projectile exits the laminate. The 
resistance offered by the damaged plate is incorporated 
in the form of a factor, which is proportional to 
the number of fibres broken. Matrix cracking is 
neglected as it is negligible in case of kevlar epoxy- 
laminated composites1'. 
2. FORMULATION 
A composite plate with arbitrary lamination is 
considered with coordinates x ,  y along the in-plane 
directions, and z along the thickness direction, with 
its origin at the mid-plane. The displacements at 
any point (x ,  y, z)  from the median surface are 
expressed as function of mid-plane displacement 
u,, v,, w, and independent rotation 9, By as 
Using the above displacement field, the strains 
in the laminate can be expressed as 
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where 
The stress and moment resultants can be written 
in a matrix form as 
where 
A = ~ E ]  dz,  ~ = j z D ] d z  
D = ~ z '  k ] d z  (4) 
Similarly, the transverse shear stress resultant 
{Q} representing the quantities (ex, Qyz) are realated 
to the transverse shear strains { through the 
constitutive relations as 
where 
Here, the terms of [e] matrix are referred to 
the laminate axes and can be obtained from the [Q 1 
corresponding to the fibre directions with the appropriate 
transformation". 
The governing equations are obtained by applying 
Lagrangian equations of motion given by 
i =  1 t o n  ( 6 )  
where U is the strain energy contributions due to 
the in-plane and transverse stresses. { 6 ) = { 6 , ,  6,, 
......, &,,IT is the vector of the DOFs/generalised 
coordinates and F, is the generalised force. A dot 
over the variables represents the partial derivative 
wrt time. 
The strain energy (U) can be written as 
where [a is the stiffness matrix. 
The kinetic energy of the plate is given by 
where p, is the mass density of the k"' layer and 
h ,  h,, , are the coordinates of laminates corresponding 
to the bottom and top surfaces of the Ph layer. 
Substituting Eqns ( 7 )  and ( 8 )  in Eqn (6) ,  one 
obtains the governing equation for the plate as 
where [iZ.il is the mass matrix and { F }  is the force 
vector due to impact. 
Governing equation for the projectile can be 
written as 
mp itp = FP (10) 
where m, and w, are the mass and the displacement 
of the projectile, and F, is the force acting on the 
projectile due to the resistance offered by the laminate. 
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The Eqns (9) and (10) are solved simultaneously 
using Newmark's direct integration technique. 
2.1 Strain due to Local Deformation 
Local deformation is modelled based on the 
spherical bulging observed in the experimental work1'. 
It is assumed that the volume of bulge formed is 
the same as the volume displaced by the indentor 
into the laminate. Based on these assumptions, the 
half-cone angle (5) of the bulge, as shown in the 
Fig. 1, can be determined from equation given by 
and the radius of the spherical bulge (r) is given by 
w, tanp + h tans 
r =  
sin 5 
where wr is the penetration of the projectile, h is 
the total thickness of the laminate, and P is the 
semi-cone angle of the tip of the cylindro-conical 
projectile. 
The local strain (E,) in fibres that undergo bulging 
is determined based on the geodesic on the surface 
of the sphere in a portion of a great circle and is 
given byI2 
where xo and yo are the coordinates of the fibre 
point at the intersection of spherical bulge surface 
with laminate as shown in the Fig. 2. 
Figure 2. Geodesic due to fibre deformation around the 
surface of sphere. 
The local strain E, for the fibres that are in 
contact with the indenter, due to the stretching 
around the indenter surface, is given byI2 
sinp sin-'[A)] 
cosp zo tan P -Yo 
E, = (14) 
Yo 
where yo and zo are the coordinates of the point 
where contact of fibre with indentor surface terminates 
as shown in the Fig. 3. 
2.2 Resistive Strength of Laminate 
The resistive force of  the laminate for the 
Figure 1. Global deflection and bulging indentation phase is given by 
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Figure 3. Geodesic due to fibre deformation around the 
cone surface. 
where pm is the mean pressure proportional to the 
yield stress of the material along the direction of 
impact and A,  is the projected contact area. The 
termination of indentation phase is assumed when 
any fibre in the distal side breaks. 
The resistance of laminate during penetration 
phase is governed by the ratio of broken and unbroken 
fibres in the contact zone and it can be expressed 
as 
where dm is the damage parameter and is defined 
by 
where N, and N- are the number of damaged and 
undamaged fibres in front of the contact zone. 
During the exit stage of the projectile, the 
only resistive force offered by the laminate is the 
frictional force (F,) between the laminates and the 
shank portion of the projectile. This stage terminates 
when the projectile shank has completely separated 
from the target or when the projectile velocity 
becomes zero. 
3. RESULTS & DISCUSSION 
The above formulation is used to study the 
penetration of cylindro-conical rigid projectiles 
on the clamped laminated square plates with in- 
plane 100 mm x 100 mm. Based on progressive 
mesh refinement, a 16 x 16 non-uniform mesh is 
found to be adequate for the prediction of the 
global strain due to impact. The ratio of the sizes 
of the elements near the point of impact and away 
from the contact zone is kept as 215. 
The material properties for kevlar/epoxy, as 
obtained from the literature, and used here are: 
EL = 76 GPa, E, = 5.6 GPa 
G,, = G,, = 2.8 GPa, v,, = v,,= 0.25 
pm = 261 MPa, Fp = 1068 N. 
where E, G and v are the Young's modulus, shear 
modulus, and Poisson's ratio. Subscripts L and T 
are the longitudinal and the transverse directions, 
respectively, wrt the fibres. The first layer corresponds 
to bottommost layer and the layer-angle is measured 
from x-axis in an anticlockwise direction and all 
the layers are of equal thickness. It may be noted 
here that the laminate properties are considered 
for the analysis in the work of Zhu1l, et al., whereas 
the above mentioned material properties are introduced 
in the present analysis. 
The projectile parameters assumed are: 
Mass = 28.9 g 
Diameter = 12.7 mm 
Length = 38.1 mm 
Tip-cone angle (P) = 60' 
The interfibre distance is taken as 6 bm. The 
clamped-clamped boundary conditions considered 
here are: 
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- V=116m/3  
- v = zoo mls 
12000 
n M E  (5) 
Figure 4(a). Impact force history of 10-layered cross-ply 
laminated plate. 
0 0.0002 0.0004 0.0006 
TIME (5) 
Figure 4(b). Penetration history of projectile on 10-layered 
laminated plate. 
0 0.0001 0.0002 0.0003 0.0004 0.0005 
TIME (s) 
Figure 4(c). Projectile velocity history fur different initial 
velocities. 
at x = 0, a and y = 0, b. 
Here, a and b are the length and the width of 
the plate. 
Firstly, for the purpose of validation, the ten- 
layered cross-ply laminated plate of 6.35 mm total 
thickness'l is analysed. The ballistic limit computed 
from the present investigation is found to be 
106.95 rnls, which is  in very good agreement with 
the experimental value of 109 m/s given by Zhu", et al. 
Further, the force, penetration, and residual velocity 
versus time curves are shown in the Fig. 4. 
In the force history, sudden drop off in the 
force magnitude corresponds to the termination of 
indentation phase and the start of penetration phase. 
After this point, again, the contact force increases 
due to the increase in the contact area, and it reaches 
to a peak value. Further, decrease in force magnitude 
is due to the fibre breakage. In the last phase of 
exit, the constant force is due to only frictional 
force between the perforated hole in the laminate 
and the projectile shank. The results are qualitatively 
similar to the experimental results given by Zhu", 
et al. Thus, the model represents the penetration 
phenomenon reasonably well. 
Next, the parametric study is carried out considering 
the various parameters, such as target thickness, 
lay-up, tip angle of projectile, and the initial velocity 
of the projectile. To analyse the target thickness 
effect, lo-, 15- and 20-layered cross-pIy laminated 
plates with total thicknesses of 6.35 mm, 9.525 mm, 
and 12.7 mm, respectively are considered. The initial 
kinetic energy of the projectile is kept constant at 
578 J in all the three cases. Ballistic limit versus 
thickness graph obtained by the present formulation 
is shown in the Fig 5. 
It can be seen from this figure that the ballistic 
limit is linearly proportional to the thickness. The 
results obtained are slightly low compared to those 
THICKNESS (mm) 
Figure 5. Effect of thickness on ballistic limit 
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given by Zhu", et al. This is attributed to the 
difference in the material/lamination properties used 
in the present study and given by Zhu", et a l .  In 
Fig. 6, absorbed energy versus time graph is depicted 
and it shows that the rate of energy absorption 
increases with thickness during the initial phase 
of penetration. 
+ 10 LAYERS (6.350 mm) 
--A- 15 LAYERS (9.525 mm) 
C: 300 * 20 LAYERS (12.700 mm) 
-
* 
2 
W 200 Zi 
LOO 
f 
4 0 
0 0.00010 0.00020 0.00030 
TlME (s) 
Figure 6. Variation of  absorbed energy for different 
thicknesses of target plate. 
The influence of tip angle of penetrator is 
investigated by considering 60" and 120" projectiles 
impacting on 6.35 mm thick IO-layered laminate. 
The force and velocity histories are shown in the 
Figs 7(a) and 7(b). The ballistic limits obtained 
for 60" and 120" tip angles of penetrators are found 
to be 104.99 mls and 141.42 m/s. Hence, it can 
be stated that the laminated composite plate is 
able to resist the blunt projectile efficiently. It is 
also observed that the peak force on impact and 
time of exit of 120" projectile is more than that 
of 60" projectile. The time of exit of the projectiles 
is found to be 267 ps and 233 ps for 120" and 60°, 
respectively, thus the duration of exit phase is 
more for 120' penetrator. 
Parametric study for the effect of initial velocity 
is carried out by keeping the initial kinetic energy 
constant at 578 J. Figure 8(a) shows that the ballistic 
limit increases with the initial velocity for same 
initial kinetic energy and it follows a linear relationship 
with initial velocity of impact. It can be noticed 
from Fig. 8(b) that at low initial velocities near 
the ballistic limit, the plate vibrates with higher 
amplitude and for longer time period and the response 
ofthe plate changes with increase in impact velocity, 
---8-- TIP ANGLE= 60' 
25000 + TIP ANGLE = 120" 
20000 
l5000 
W 
Y loom E 
5000 
0 
0 0.00004 0.00008 0.00012 
TlME (s) 
Figure 7(a). Effect of tip angle on force history 
-0- TIP ANGLE - 60" 
+ TIP ANGLE = 120" 
2 
2 
ti 
0 
190 
170 
0 0.00005 0.00015 0.00025 
TlME (s) 
Figure 7( b). Variation of projectile velocity with time for 
different tip angles of  penetrator. 
ie, response shows secondary peaks and decrease 
in response time period. 
It is hoped that the present study will be useful 
for the armour designers in providing an insight 
into the ballistic impact of projectiles on laminated 
structures. 
150 200 250 300 350 
INITIAL VELOCITY (mls) 
Figure 8(a). Variation of ballistic limit with initial 
velocities. 
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TIME (s) 
't"J 
-0.3 
Figure 8(b). Plate deflection history for different initial velocities 
4. CONCLUSIONS 
Experimental studies of ballistic impact on 
laminated composites is persued aggressively in 
the literature and valuable insights have been gained 
on ballistic impact on composites. The present finite 
element model includes three phases of ballistic 
impact and it represents the penetration phenomenon 
reasonably well. The variation ofpeak force, energy 
absorption, and ballistic limit due to impact, for 
various input parameters, are similar to the experimental 
observations made by various researchers. Some 
of the conclusions made from the present study are: 
(a) Ballistic impact is characterised by the three 
phases, namely indentation, perforation, and 
exit. 
(b) Ballistic limit is linearly related to the thickness 
of the laminated composites. 
(c) The absorbed energy and the peak force increase 
with thickness for a given impact energy. 
(d) For the same impact energy, the perforation 
energy is independent of impact velocity, and 
the ballistic limit increases with the initial velocity. 
The exit velocity increases linearly with the 
impact velocity. 
(e) The effect of initial kinetic energy is reflected 
by increase in the peak force with increase in 
impact velocity. For impact velocity much above 
the ballistic limit, the exit velocity increases 
linearly with impact velocity but drops of suddenly 
as the impact velocity approaches the ballistic 
limit. As the impact velocity reaches the ballistic 
limit, the target plate shows excessive vibrations 
during perforation process. 
(f) The ballistic limit and the peak resistive force 
of the plate are more for blunt impacters. First 
fibre breakage occurs earlier in case of blunt 
projectiles compared to sharp projectiles. 
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